Aquaporins (AQs) increase cell membrane CO 2 diffusivity, and it has been proposed that they may serve as transmembrane channels for CO 2 and other small gas molecules. In addition, it has been hypothesized that voltage-gated H + channels located on the apical membrane of the alveolar epithelium contribute to CO 2 elimination by the lung. To test whether these membrane proteins contribute to CO 2 elimination in vivo, we measured CO 2 exchange in buffer-and bloodperfused rabbit lungs before and after addition of 0.5 mM ZnCl 2 , an inhibitor of both AQmediated CO 2 diffusion and voltage-gated H + channels. For comparison, red cell and lung carbonic anhydrases (CAs) were inhibited by 0.1 mM methazolamide. ZnCl 2 had no effect on CO 2 exchange when inspired CO 2 was altered between 2 % and 5 % in 5-min intervals. Pulmonary vascular and airway resistances were not altered by ZnCl 2 . In contrast, methazolamide inhibited CO 2 exchange by 30 % in buffer-perfused lungs and by 65 % in blood-perfused lungs. Exhaled NO concentrations were unaffected by ZnCl 2 or by CA inhibition. Lung capillary gas exchange modelling shows that under normal resting conditions it would be necessary to reduce the alveolar-capillary membrane CO 2 diffusion capacity by 90 % to lower CO 2 elimination by 10 %. Therefore we conclude that red cell and lung AQs and voltage-gated H + channels in the alveolar epithelium contribute minimally to normal physiological CO 2 elimination. Key words : aquaporin, carbon dioxide, carbonic anhydrase, gas exchange, lungs, nitric oxide, rabbit, voltage-gated H + channels.
exchange is a multi-step process, involving not only diffusion but also rapid chemical reaction and membrane anion exchange that permit quantitative CO Table 1 Half-times and contributions to V I CO 2 of exchange processes in the lung
Values are approximations, derived from [1, 2] . The total lung capillary transit time is 300-1000 ms. Contribution to V I CO 2 indicates the fraction of CO 2 exchange that is dependent upon that process ; thus, because CO 2 exchange is a multistep process with some steps dependent upon others, the total will not add up to 100 %.
Step Half-time (ms) Contribution to V I CO 2 (%) [3] [4] [5] . Only under very non-physiological conditions, such as perfusion rates 100-fold greater than normal, can a diffusion limitation to CO # exchange in the lung be demonstrated [6] . However, two recently described additional transmembrane pathways for CO # movement have been proposed as mechanisms by which an already fast passive diffusive flux of CO # may be augmented sufficiently to be physiologically relevant. Nakhoul et al. [7] , Cooper and Boron [8] and Prasad et al. [9] demonstrated that insertion of the mammalian water channel protein AQ-1 into Xenopus oocytes and artificial lipid bilayer vesicles increased CO # diffusibility by 50-200 %, as measured by the rate of change of internal pH in the presence of CA following the imposition of an inwardly directed CO # gradient. Forster et al. [10] also invoked a possible blockade of AQ to account for a portion of the effects of distilbene sulphonates (inhibitors of membrane anion exchange) on redcell-plasma CO # equilibration. Since red cells and lung contain AQ-1 and other water channel proteins (see Verkman [11] for a review), these results have raised the question of whether AQs have physiological relevance in respiratory gas exchange, in serving as CO # and generalized gas channels across the membrane barriers separat- ing red cell cytoplasm from alveolar gas in the lung and tissue cytoplasm in the systemic circulation. Verkman and colleagues [12, 13] have pursued the issue in vivo by studying mice with genetic deletions of AQ-1 (the major red cell AQ) and AQ-5 (the major alveolar epithelial AQ). They showed no difference in the rate of fall of arterial PCO # (as a surrogate for changes in CO # elimination) in knockout mice compared with wild-type controls when ventilated anaesthetized animals were switched from 10 % to 5 % CO # [12, 13] , nor did they find any evidence of AQ-mediated CO # diffusion in reconstituted proteoliposomes. Furthermore, they showed no effect of AQ-1 and AQ-5 deletions on the rate of change of alveolar fluid pH in isolated perfused liquidfilled lungs subjected to a change in perfusate CO # \ HCO $ composition [13] . Discussion and spirited debate about these antipodal results were the subject of a recent Aquaporin, H + conductance and pulmonary CO 2 elimination
Figure 1 Schematic representation of CO 2 exchange in the lung
The figure shows known chemical reaction, diffusion and exchange processes involved in lung CO 2 exchange, as well as putative AQ-mediated transmembrane CO 2 diffusion and proton movement through apical membrane voltage-gated H + channels. The upper portion of the figure shows AQ channels located in the red cell membrane and the alveolar epithelium. The lower part of the figure depicts the alveolar epithelium in greater detail to show the apical membrane location of the voltage-gated H + channels (denoted by *). Hb, haemoglobin ; band 3, red cell membrane anion exchanger ; B, buffers (haemoglobin, other proteins, phosphates, etc.). review article by Cooper et al. [14] and the accompanying editorial by Verkman [15] .
Voltage-gated H + channels are present in the apical membranes of alveolar epithelial type II cells [16] . The high conductance capacity and outwardly unidirectional flux of the channel led DeCoursey [17] to speculate that H + secretion into the alveolar lining fluid could augment the diffusion of CO # into alveolar gas when coupled with parallel secretion of bicarbonate via anion exchange followed by rapid CA-catalysed re-conversion of H + and HCO [12, 13] support our hypothesis, their data and interpretation can be questioned on two grounds. The first is that they did not measure changes in CO # output (V} CO # ) directly, but inferred them from the rate of change of arterial PCO # . Secondly, as they did not study conditional knockouts, the possibility of compensatory in utero up-regulation of other proteins that might serve as CO # channels, such as Rhesus (Rh) proteins [18] , cannot be ignored. Therefore we elected to use a pharmacological approach, and explored whether zinc chloride, a blocker of AQs [19] and voltage-gated H + channels [20] , would lower CO # exchange in the isolated perfused rabbit lung. In addition, we measured excretion in exhaled gas of nitric oxide (NO), a small gas molecule that might also traverse a putative membrane gas channel. We also used a capillary gas exchange model [21] and varied CO # diffusion rates over a large range. In so doing, we could explore the normal or pathological circumstances under which AQs and voltage-gated H + conductance might become critical.
METHODS
All experimental protocols were approved by the Animal Care Committee of the Seattle Veterans' Affairs Medical Center, which conforms to the guidelines of the European Convention for the Protection of Vertebrate Animals used for Experimental Research. A total of 26 New Zealand White rabbits weighing 3-3.5 kg were anaesthetized through an ear vein cannula with ketamine (15 mg : kg −" ) and xylazine (0.33 mg :
) was initiated after tracheostomy using a rate of 30 breaths\min and a tidal volume of 10 ml : kg −" (peak airway pressure 15 cmH # O). After placing of a carotid arterial line, 700 units of intravenous heparin (1000 units : ml −" ) was administered, and the rabbits were quickly exsanguinated. Following median sternotomy, the pulmonary artery and left atrium were cannulated in situ. The lung circulation was then perfused, using a closed circuit connected to a Masterflex pump (Cole-Palmer, Barrington, IL, U.S.A.). A total circuit volume of 270 ml was maintained at a constant flow of 150 ml : min −" (perfusate composition described below) and kept at a constant 38 mC using a countercurrent exchange heater (ColePalmer). The rabbit's chest was covered with moist gauze and plastic wrap to maintain humidity and temperature.
Pulmonary artery pressure and left atrial pressure were measured continuously. Left atrial pressure was maintained constant at 5 mmHg by adjusting the height of the venous reservoir. End-tidal CO # was measured at the proximal end of the tracheal tube with an IR CO # detector. Mixed expired NO was sampled from a 50 ml reservoir placed in the expired gas line and measured using a chemiluminescence detector (Sievers Instruments, Boulder, CO, U.S.A.). The sample flow rate was 120 ml : min −" out of a fixed ventilation of 900 ml : min −" . Calibration was performed using gas from the 5 % and 10 % CO 
Experimental protocol
All preparations were perfused with either a buffered Krebs-Henseleit solution or a Krebs-Henseleit solution to which was added washed, leucocyte-filtered rabbit red cells to yield a haematocrit of 10 % [22] . All perfusates were equilibrated with a 5 % CO # \20.9 % O # \balance N # gas mixture. A 30 min stabilization period was allowed prior to initial measurements. After pulmonary artery pressure, left atrial pressure and peak inspiratory pressure had been recorded, three different series of experiments were performed. In the first, inspired CO # was changed from 5 % to 2 % for 5 min. Perfusate samples were taken at 0.5, 1, 2, 3, 4 and 5 min. Inspired CO # was then returned to 5 % and perfusate samples were again taken at 0.5, 1, 2, 3, 4 and 5 min. All of the above physiological parameters were recorded during this challenge. To fully inhibit AQ-mediated CO # diffusion and alveolar epithelial voltage-gated H + channels, we initially used the more conventional mercuric inhibitors of AQ, i.e. HgCl # and p-chloromercuribenzenesulphonate, at concentrations (0.1-1.0 mM) that others have found to be effective and non-toxic in oocyte and vesicle preparations. Both compounds, however, caused rapid airway constriction, hypertension and oedema within 3-5 min of addition to the perfusate. Thus we turned to 0.5 mM ZnCl # , a 5-fold greater concentration than that necessary to yield complete inhibition of AQ-mediated CO # diffusion in vitro (0.1 mM) [19] and of voltage-gated H + channels in vitro (0.01-0.1 mM) between pH 6 and 7 [20] . After addition of 0.5 mM ZnCl # to the perfusate and a 15-min stabilization period, the above sequence of changes to inspired CO # and measurements was repeated. Finally, 0.1 mM methazolamide, a potent lipid-soluble inhibitor of CA, was added to the perfusate, followed by a 15 min stabilization period. Inspired CO # changes, perfusate sampling and physiological measurements were repeated using the same sequence as above.
It was important to establish that zinc added to the perfusate had access to the alveolar lining fluid in order to inhibit the apically positioned voltage-gated H + channels. In three separate rabbits, lung lavage with 40 ml of normal saline instilled via the trachea was performed 20 min after addition of 0.5 mM ZnCl # to the KrebsHenseleit perfusion buffer. Another three rabbits, whose perfusate contained no zinc, were lavaged in the same fashion. Zinc concentrations in the perfusate and lung lavage fluid were measured by atomic absorption spectroscopy (Unicam Solaar 989 Atomic Absorption Spectrometer ; Thomas Jarell Ash, Cambridge, U.K.). The concentration of zinc in undiluted alveolar lining fluid was calculated by multiplying the lavage concentration by 100, assuming a volume of 0.4 ml of lining fluid in the rabbit. In order to determine what fraction of total zinc was not bound to large proteins and phospholipids in the lining fluid (and thus free to diffuse to the voltagegated H + channels), two samples of lavage fluid were dialysed for 15 min against a membrane with an M r 2000 cut off. To establish that the integrity of the alveolar capillary barrier was not altered by either the zinc or the isolated perfusion, total protein in the lavage sample was measured by the Lowry method [23] .
Perfusate samples drawn from the left atrial cannula were analysed using an IL-1306 blood gas analyser (Instrumentation Laboratory, Lexington, MA, U.S.A.). 
Statistics
Data are given as meanspS.E.M. Student's t test (2-tailed) was used to assess a statistical difference between control and zinc-or methazolamide-treated lungs. A P value of 0.05 was accepted as statistically significant.
Mathematical modelling
The sensitivity of CO # exchange to variations in the magnitude of CO # diffusibility was analysed using a previously described model of lung capillary gas exchange [21] . Several simplifying assumptions are incorporated into the mathematical model. Alveolar gas is assumed to be well mixed and uniform throughout the lung, and alveolar gas tensions are assumed to be invariant over the respiratory cycle. Blood is considered to consist of two well-mixed compartments (plasma and red cells) that have equal residence time in the capillaries. Capillary blood flow is assumed to be constant and uniform, and axial and radial diffusions are considered negligible. # between alveolar gas and capillary blood. Bohr and Haldane effects are included. Ion and water fluxes are described assuming passive diffusion down their respective electrochemical potential and osmotic gradients. Red cell anion exchange is described in terms of a ' phenomenological permeability coefficient (PHCO $ ) ' [21] . To account for availability of lung vascular CA activity to plasma during capillary transit, an acceleration factor of 200 was used [21] .
The model consists of 11 simultaneous non-linear ordinary differential equations. The only difference between capillary and post-capillary equations is that net O # and CO # movement can take place into and out of blood only while blood is in the capillaries ; however, after blood leaves the capillaries, it becomes a closed system, and total O # and CO # contents remain constant. Numerical integration of the model differential equations was implemented by using the Gear algorithm [21] , which is ideally suited for stiff differential systems. Input parameters for solution included kinetic parameters (Table 2) , estimated alveolar gas tensions, central venous blood-gas parameters, cardiac output and alveolar diffusing capacity corresponding to each condition.
RESULTS
Our results are based upon the effects of ZnCl # , which has been shown to fully block AQ-mediated membrane CO # diffusion and voltage-gated H + channels in vitro. At 0.5 mM, a concentration sufficient to block both channels, zinc was non-toxic. During the course of these experiments, peak airway and pulmonary artery pressures were unaffected by ZnCl Figure 2 Time course of mean perfusate PCO 2 in isolated Krebs-Henseleit-perfused rabbit lungs when the ventilating gas was switched from 5 % to 2 % CO 2 for 5 min and then returned to 5 % ZnCl 2 (0.5 mM) was added to the perfusate to block AQ-mediated membrane CO 2 diffusion, and methazolamide (0.1 mM) was added to inhibit CA.
zinc concentration in the native alveolar lining fluid was calculated to be 0.8p0.05 mM. In the three rabbits whose perfusate did not contain zinc, the total zinc concentration in the lavage was 1.2p0.4 µM, similar to other published data [25] . The dialysis of lavage fluid in the zinc-perfused rabbits showed that 12-15 % of the total zinc in the lavage was unbound, giving a calculated free concentration of approx. 0.10 mM in the lining fluid. In both groups of lavaged rabbits, the lavage total protein concentration (125p33 mg\dl) was similar to published lavage data in healthy rabbits [26] , thus indicating preservation of normal alveolar-capillary integrity.
The data in Table 3 show that V} CO # and CO # uptake were approx. 15-fold greater in the blood-perfused state, Figure 3 Time course of mean perfusate total CO 2 in isolated Krebs-Henseleit-perfused rabbit lungs when the ventilating gas was switched from 5 % to 2 % CO 2 for 5 min and then returned to 5 % ZnCl 2 (0.5 mM) was added to the perfusate to block AQ-mediated membrane CO 2 diffusion, and methazolamide (0.1 mM) was added to inhibit CA.
but that NO elimination was reduced when compared with a blood-free perfusate. The presence of red cells, with high buffering capacity and CA activity, permits greater exchange of CO # for similar PCO # gradients. In contrast, the avid binding of NO by haemoglobin accounts for the two-thirds reduction in NO excretion when red cells were present in the perfusate [22] . With respect to NO excretion, neither zinc nor methazolamide altered expired NO concentrations or output in either buffer-or blood-perfused lungs.
The effects of zinc and inhibition of CA on V} CO # (switch from 5 % to 2 % CO # ) and CO # uptake (switch from 2 % back to 5 % CO # ), and on NO elimination, are shown in Table 3 . Figure 2 shows the lack of effect of zinc and methazolamide on the time course of perfusate PCO # when the CO # content of the ventilating gas was changed in a buffer-perfused lung. Figure 3 shows the time course of perfusate total CO # in these same experiments. In this case, zinc had no effect on the rate of change of total CO . In near-maximal exercise this considerable reserve is somewhat diminished, such that it Aquaporin, H + conductance and pulmonary CO 2 elimination 
DISCUSSION
The recent findings that AQs enhance transmembrane CO # diffusion in simple in vitro systems, and the hypothesis of DeCoursey [17] that alveolar epithelial voltage-gated H + channels may subserve alveolar CO # excretion, have raised the question of whether these phenomena have importance in gas exchange and acidbase regulation. To explore these hypotheses, we studied V} CO # and CO # uptake in the isolated rabbit lung, perfused with either a physiological buffer solution or blood. Our main finding is that fully effective blockade of AQs and voltage-gated H + channels by ZnCl # had no effect on lung CO 
Critique of methods
We chose the isolated perfused lung for several reasons. First, by perfusing with a blood-free solution, the role (if any) of lung endothelial and alveolar epithelial AQs could be tested in the absence of a likely greater contribution of red cell AQ-1. The blood-perfused lung allows the study of more normal rates of CO # exchange, and more closely approximates the in vivo state. To establish the integrity and normal function of the isolated perfused lung in CO # exchange, we inhibited CA and found the expected profound depression of V} CO # [27] . Use of the isolated lung eliminates any possible negative extra-pulmonary effects of ZnCl # in the whole animal that might alter CO # exchange independent of the blockade of lung and red cell AQs, and of alveolar epithelial voltage-gated H + channels. In the lung, the high Zn concentration was non-toxic, as shown by the lack of change in airway and vascular resistances, and the normal lavage protein concentration. Lastly, with regard to AQs, because Zn inhibits all AQ-isoform-mediated increases in CO # permeability [28] , the interpretation of our data is not confounded by the inherent problem in single gene knockout models of possible up-regulation in utero of other AQ isoforms or augmentation of other compensatory processes.
The effectiveness of ZnCl # in blocking lung and red cell AQs in the isolated lung could not be tested directly, for example by studying the rate of alveolar water clearance, because Zn does not affect the water channel properties of AQs [28] . In order to ensure complete AQ blockade in our experiments, we used 0.5 mM ZnCl , where I f is the free zinc concentration]. However, we saw no decrease in V} CO # when zinc was added to the perfusate. There are several possible reasons for this : rabbit CA may be more resistant to zinc, the free zinc concentration may be lower than that of total zinc, there may be less inhibition at 37 mC than at 25 mC, and\or red cell cytoplasmic uptake of zinc may be slow or limited. Inhibition of CA by Zn only would have been problematic in the data interpretation if there had been a depression of V} CO # ; however, this was not the case. In order to inhibit both voltage-gated H + conductance in the alveolar epithelium and apically positioned AQ-5, zinc must have access to these channels from the alveolar lining fluid. Measurements of free zinc in the lavage fluid with reasonable estimation of the dilution by lavage gave a concentration (0.10 mM) that is sufficient to achieve full blockade of voltage-gated H + channels [20] and AQs [28] .
Kinetic aspects of lung CO 2 exchange
The kinetics of lung and tissue CO # exchange have been studied extensively over the past century. It was apparent from the outset that, of the many chemical reaction, diffusion and transmembrane exchange steps (depicted in Figure 1 ), diffusion of CO # is extremely rapid with respect to capillary transit time, and faster by orders of magnitude than other steps necessary for CO # exchange (Table 2) . It can be seen that CO To explore the sensitivity of lung gas exchange to changes in the rate of CO However, even in the presence of these low V} CO # values, it was possible to show a 30 % decrease on inhibition of lung CA, similar to that reported by others in isolated perfused lungs [31, 32] .
Thus our experimental and model findings lend no support to the idea that physiological CO # exchange is enhanced by the presence of various AQs in red cells and in the lung, or of voltage-gated H + channels in the alveolar epithelium, under normal resting conditions. Other observations confirm this impression. Enns and Hill [33] found that CO # diffusion through collapsed lung tissue was lower than expected when compared with that of carbon monoxide as predicted by Graham's law, a finding contrary to unique enhanced CO # diffusion via AQs. Likewise, Sun et al. [34] found no differences in in vitro CO # permeability between normal corneal endothelium and endothelia either over-or under-expressing AQ-1. In vivo, our findings are indirectly supported by the lack of any reported gas exchange or acid-base dysregulation in humans with the Colton-null blood group phenotype, shown to be an AQ-1 deficiency state [35] . Furthermore, our data are in complete agreement with the results of Yang et al. [12] and Fan et al. [13] , who found that mice lacking AQ-1 and AQ-5 due to gene knockout showed no differences in the rate of fall of arterial PCO # compared with wild-type mice when the anaesthetized animals were switched from 10 % to 5 % CO # . This is in contrast with the resting respiratory acidosis observed in CA II-deficient mice [36] . The effects of AQ-1 and AQ-5 deficiency could theoretically be compensated for or minimized by CO # diffusion through other isoforms of AQ or other membrane proteins, possibly up-regulated in utero. This, however, does not explain the lack of effect of zinc in normal wildtype animals, since Zn inhibits AQ-mediated CO # diffusion by all isoforms present in the blood and lung [14, 28] .
Our model calculations predict, however, that there may be a small potential utility for AQ and\or alveolar epithelial voltage-gated H + channels for the elimination of CO # under conditions of extreme exercise. In the situation of very high rates of CO # production (10-20-fold) with greater blood flow through the lung and a shortened capillary transit time, the apparent excess of DMCO # is reduced, so that even as little as a 50 % decrease will begin to limit V} CO # (Figure 4 ). It is doubtful whether an impairment of CO # diffusion of this magnitude would limit exercise capacity, since the CO # retention arising from it could easily be countered by slightly greater hyperventilation. However, a decrease of 90 % in CO # diffusion could cause a 30 % fall in V} CO # , a decrease sufficient to evoke marked hyperventilation and possible exercise limitation [2, 4] . In severe lung disease, such as the acute respiratory distress syndrome, which is characterized by greater V} CO # together with a considerable diminution of total effective gas exchange surface area and higher cardiac output, it is possible that the loss of any potential augmentation by AQs or alveolar epithelial voltage-gated H + channels might become more critical. These questions will require further study in animals undergoing exercise and with lung injury using both gene knockout\overexpression models and pharmacological approaches.
